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A detailed second law analysis of dual fuel LTC is not yet available in the open
literature even though dual fuel low temperature combustion (LTC) has been studied
before. To address this gap, a previously validated, closed-cycle, multi-zone, simulation
of diesel-natural gas dual fuel LTC was used to perform a second law analysis. In the
current study, a 2.4-liter single-cylinder research engine operating at a nominal load of 6
bar BMEP and 1700 rpm was used. Zone-wise thermodynamic irreversibilities as well as
total cumulative entropy generated and lost available work over the closed cycle were
quantified. Subsequently, two convenient second-law parameters were defined: (1) the
“lost available indicated mean effective pressure” (LAIMEP), which can be interpreted as
an engine-size-normalized measure of available work that is lost due to thermodynamic
irreversibilities (analogous to the relationship between indicated mean effective pressure
and indicated work); (2) fuel conversion irreversibility (FCI), which is defined as the ratio
of lost available work to total fuel chemical energy input. Finally, parametric studies were
performed to quantify the effects of diesel start of injection, intake manifold temperature,
and intake boost pressure on LAIMEP and FCI. The results show that significant entropy
generation occurred in the flame zone (52-61 percent) and the burned zone (31-39 percent)

while packets account for less than 6 percent of the overall irreversibilities. Parametric
studies showed LAIMEPs in the range of 645-768 kPa and FCIs in the range of 32.8-39.2
percent at different engine operating conditions. Although the present study focused on
dual fuel LTC, the conceptual definitions of LAIMEP and FCI are generally applicable for
comparing the thermodynamic irreversibilities of IC engines of any size and operating on
any combustion strategy.
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CHAPTER I
INTRODUCTION
A study of the characteristics of different mechanical systems is helpful to
enhance their performance such as their final output or to increase their lifetime and
endurance which includes a broad spectrum of investigations such as environmental
studies and optimization of energy systems to numerical applications [1-5]. One of the
most considerable engineering fields is development and analysis of Internal Combustion
(IC) engines. Stringent emission regulations as well as limited petroleum supplies which
increased the demand of more efficient IC engines have motivated a lot of researchers to
take efforts to achieve cleaner engines with maximum possible fuel efficiency. Even
though IC engines are one of the most investigated energy systems which have been
studied for more than a century, there is a continuing need to improve the efficiency of
different types of IC engines.
Various researchers have investigated different aspects of IC engines to devise
strategies for reducing fuel consumption and for increasing engine efficiency. The
biggest challenges in achieving more efficient IC engines are abnormal combustion and
increased emissions. In the other words, in spark ignition (SI) engines, increasing
compression ratio (which increases fuel conversion efficiency) is limited by knock
occurrence due to auto ignition of the end gas mixture which causes the engine damage
while in compression ignition (CI) engines full load operation is limited by onset of black
1

smoke (soot particles which are carbon) in the exhaust gas. The advantages of CI engines
(also called diesel engines) over SI engines have led CI engines to become one of the
main sources of power generation, especially in heavy duty engine applications. One of
the main advantages is higher compression ratio of diesel engines in comparison with SI
engines which leads to higher thermal efficiency as well as other advantages such as lack
of throttle valve in the intake manifold of diesel engines, which results in maximum
amount of air inside the cylinder in naturally aspirated engines and higher output work.
Generally, the load in CI engines is directly controlled by amount of fuel (normally
diesel) which is injected into the cylinder, starting from a minimum fueling rate
corresponding to engine idling and increases to a maximum fueling rate corresponding to
full load engine operation.
CI engines suffer from high amount of particulate matter (PM) and oxides of
nitrogen (NOx). Moreover, unburned hydrocarbon (UHC) and carbon monoxide (CO)
emissions are also emitted from the diesel engines, but there are not as significant as PM
and NOx. It can be mentioned that diesel engines are an important source of PM, which
includes small particles and soot (which is mainly carbon) with some additional absorbed
hydrocarbon materials. In diesel engines between 0.2 to 0.5 percent of fuel is emitted as
PM [6]. NOx is basically Nitric Oxide (NO) and small amount of Nitrogen Dioxide
(NO2) and Nitrous oxide (N2O). Based on Dec’s conceptual diesel combustion model [7]
which is shown in Figure 1.1, soot is formed in nearly uniform fuel rich (high
equivalence ratio) mixture which supports a standing reaction zone across the diesel jet
while soot formation and particle growth continue as the soot moves down the jet to the
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head vortex. On the other hand, NOx production is expected only around the high
temperature shell on the lean side of the diffusion flame around the jet periphery.

Figure 1.1

The schematic of Dec’s conceptual diesel combustion model; figure
adapted from Ref. [7]

Beside environmental issues of diesel exhaust emissions, they have harmful
effects on human health. For example, aspiration of PM results in serious harm of
respiratory system by penetrating the alveolar space and blood vessels which causes lung
and heart diseases. On the other hand, in the presence of sunlight, NOx reacts with
volatile organic compound and form ozone [8]. Low levels of ozone even can cause
human health effects such as aggravate lung diseases and breathing disorders or
3

permanent damages in children like abnormal lung development. In this regards, many
governments around the worlds write regulation to influence the amount of emissions in
the exhaust of vehicles. In the United States, Environmental Protections Agency (EPA)
is responsible to enforce regulations and address the critical details necessary to protect
human health and the environment
The traditional method for reducing exhaust emission and keeping them beyond
the EPA regulations on vehicles including most automobiles and other light, medium and
heavy duty trucks is using a catalyst convertor which is installed in the exhaust path of an
engine through ambient and called after treatment system. Catalyst is a substance which
increases rate of chemical reactions by reducing the activation energy while it is not
consumed during reactions.
For reducing the pollutants emitted from diesel engines and meet EPA
regulations, after treatment system for CI engines includes a diesel oxidation catalyst
(DOC), a selective catalyst reduction (SCR), and a diesel particulate filter (DPF). In this
regards, DOC is applied to reduce UHC and CO and usually composed of palladium and
platinum catalyst. On the other hand, SCR is widely utilized in diesel engines to reduce
NOx to O2 by means of ammonia (NH3) as a selective reducing agent. It is called
selective because the reducing agent has tendency to react with the oxygen atom of NOx
instead of O2 which in found tremendously in the exhaust flow of diesel engines.
Therefore, for providing ammonia to the exhaust stream, sufficiently upstream of the
SCR catalyst unit, a liquid urea-water mixture called diesel exhaust fluid (DEF) is
injected into the exhaust to allow time for vaporization of urea and creation of ammonia.
Then, SCR system needs a tank for urea storage which needs to be refilled periodically,
4

but EPA has concerns that thus rendering the system ineffective, there is considerable
risk that drivers would not keep their urea filled [9]. The last device in the exhaust after
treatment of diesel engine is DPF which is made of honeycomb structure and broadly
utilized to trap PM (mostly soot particles) in a porous substrate. It is worth to mentioned
that DPF increases pressure drop during the exhaust pipe and since soot particles block
the filter pores the back pressure will be increased which results to increase of pumping
work of engine. Therefore, DPF needs to be regenerated repeatedly by means of passing
of hot exhaust stream through pores which causes the soot burns to CO2, however
regeneration of DPF causes 2-3 percent fuel penalty.
In addition to use of exhaust after treatment systems which are widely capable to
eliminate a considerable portion of IC engine exhaust emissions, cleaner IC engine can be
obtained by reducing the emission production during the combustion process inside the
cylinder. There are different methods which are successful to achieve this target such as
increasing the fuel injection pressure, improving piston bowl geometry and use of
exhaust gas recirculation (EGR) which reduced the exhaust emission significantly.
Despite the efforts to decrease the exhaust emission by means of after treatment devices
and subtle combustion systems, however it is skeptical that they can meet future EPA
regulations about the environmental emission quality without fairly expensive after
treatment systems. Therefore, in the recent years, alternative forms of combustion
engines are developed based on conventional CI engine to achieve needs of the further
emission reduction and improved thermal efficiency as well as total cost of engine. New
advanced combustion strategies are focused on CI engines over SI engines due to higher
compression ratios in diesel engines and their higher fuel conversion efficiencies.
5

Homogeneous charge compression ignition (HCCI), partially premixed combustion
(PPC), gasoline compression ignition (GCI), in addition to various dual fuel low
temperature combustion concepts are new combustion strategies being considered to
improve FCE as well as to reduce engine-out exhaust emission. Dual fuel combustion
engines have been investigated for decades [10, 11], and recently have received more
attentions due to increasing restrictive diesel engine emission regulations which are
discussed before. According to Karim [12], dual fuel engine is an ideal multi fuel engine
which operates with different fuels and keep the capacity for operation of a conventional
diesel engine, therefore operation of a dual fuel combustion can be explained as injection
of a small quantity of diesel fuel in a lean mixture of a gaseous fuel and air in a
conventional diesel engine which causes the ignition of engine charge. In this type of
combustion strategy, the objective is maximizing the use of gaseous fuel component and
economizing the use of liquid fuel which is called pilot [12]. In other words, in dual fuel
engine, a premixed mixture of low cetane main fuel (e.g., natural gas) and air is ignited
by early injection of small sprays of a high cetane pilot fuel (e.g., diesel), which accounts
for about 2-3 percent of the total fuel energy input [13].
Dual fuel combustion is one of the outstanding strategies which can reduce the
engine emission tremendously while keep the fuel conversion efficiency same as a diesel
engine. Ability to run on a wide variety of fuels with minimum engine modification is
another advantage of the dual fuel combustion strategy as well as high fuel conversion
efficiency at full load [14]. In dual fuel mode, combustion occurs at lower local
temperatures due to longer ignition delays (the time between start of pilot injection and
start of combustion), which leads to reduction of NOx formation. Therefore, this type of
6

combustion is called dual fuel low temperature combustion (LTC) in the literature. On
the other hand, PM emissions are also reduced significantly in dual fuel engines because
combustion mostly occurs in a lean premixed flame. Despite the benefits of dual fuel
engines discussed above, there are some inherent disadvantages related to dual fuel LTC,
especially at low loads. For instance, in dual fuel combustion the CO emissions increase
due to reduced availability of OH radicals and inadequate mixing between low
temperature and high temperature zones, in addition to insufficient available time for
oxidizing CO due to shorter combustion duration [15]. Also, UHC emissions increases in
the dual fuel engines due to trapped premixed gas (i.e. air and methane) in the crevice
regions where the flame cannot approach or places where incomplete combustion occurs
such as quench zones which results in some part of the air and fuel mixture remaining
unburned. Generally, in methane-diesel dual fuel combustion, there are tradeoffs
between UHC and NOx emissions. In addition to poor performance and excessive UHC
and CO emissions at low load engine operation, dual fuel engines have a tendency to
knock at very high loads.
Homogenous Charge Combustion Ignition (HCCI) is another advanced
combustion strategy which can simultaneously reduce NOx and PM for higher thermal
efficiency IC engines [16]. In this advanced combustion mode, a homogenous air-fuel
mixture charges inside the engine and during the compression stroke, ignition of mixture
occurs at different places inside the cylinder. So, the mentioned advantages of HCCI
engines are due to nature of lean and premixed rapid combustion of mixture accompanied
with high heat release rate and no flame propagation. Therefore, it can be mentioned that
due to high temperature and pressure during the compression stroke, the homogenous
7

mixture reaches to the chemical activation energy and auto ignition happens. In other
words, in HCCI engines, auto ignition and combustion phasing are recognized by
chemical kinetics of the mixture. Accordingly, since there is no direct control method for
auto ignition time in HCCI engines, controlling the start of combustion (SOC) across the
different loads and speed ranges is one of the most important technical challenges of
these advanced combustion engines [17]. Inlet temperature and pressure variations, EGR
addition as well as variable valve timing to change compression ratio are some of the
controlling methods that engine researchers applied in HCCI engines for changing the
SOC. Similar to the dual fuel low temperature combustion engines, beside of potential
benefits of lower NOx and PM, there are some difficulties regards to use of HCCI
engines such as producing high levels of CO and UHC emissions in addition to problems
in cold start. Moreover, HCCI operation in high engine loads is confined by an excessive
rate of pressure rise during combustion which results to engine knock. Even though the
term “homogeneous” is used in this type of engines, there are always some mixture or
thermal inhomogeneities in the real engines which it is sometime desirable to have some
additional stratifications.
Various advanced combustion strategies are implemented to IC engines to obtain
sufficient premixing so that specific equivalence ratio and combustion temperature
combinations which are the main reasons for soot and NOx emission are avoided [18]. It
can be better addressed by considering the equivalence ratio versus temperature diagram
as shown in Figure 1.4.
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Figure 1.2

Regions for conventional (CI and SI) engines and advanced combustion
(HCCI and LTC) engines; figure obtained from Ref. [18]

It is evident that for conventional diesel engine, the adiabatic flame temperature in
air traverses both NOx and soot formation regions. Based on Dec’s conceptual diesel
combustion model (shown in Figure 1.1), first fuel and air mixture reacts in a rich
mixture (φ around 2 to 4) and combustion completes in stoichiometric (φ around 1)
diffusion flame. Therefore, conventional diesel combustion zones fall in the NOx and
soot peninsulas, resulting in high levels of both NOx and soot. Based on Figure 1.4, SI
engines which operate in stoichiometric condition (φ around 1) produce significant NOx
9

emission while their combustion zone is far from soot formation. It is shown that HCCI
combustion region happens outside of soot and NOx formation zones but consists a small
possible combustion zone. However, LTC such as dual fuel combustion can operate in a
wide range of possible combustion zones while they are out of NOx and soot formation
zones.

10

CHAPTER II
LITERATURE REVIEW AND ORGANIZATION OF THE WORK
Study of IC engines dates back from late 19th century which Otto and Diesel
invented SI and CI engines, respectively. Since that time, the knowledge of IC engines
has developed in various fields from combustion process up to control systems and IC
engine materials [19-22]. The outstanding technologies which play a dominant role in
manufacturing and development of IC engines are results of various efforts conducted by
researchers in this field. In 70’s and after the oil crisis and air pollution issues, market
competitiveness became increasingly significant and IC engine research and development
had a noticeable growth. Because of stringent emission regulations, in the recent
decades, new combustion strategies received more attentions due to simultaneous
reduction in NOx and PM, while they can keep the fuel conversion efficiency as high as
conventional diesel engines.
Investigations of IC engines as well as advanced combustion strategies consist of
broad varieties of subjects such as experimental and numerical methods. While
experimental studies provide useful information for analysis of IC engines, numerical
analyses have received more interest in recent years. Moreover, costs of capital
investment and maintenance of experimental engine testing facilities are significantly
higher in comparison with numerical method analysis. In other words, while
experimental analyses are crucial to quantify performance-emissions tradeoffs in IC
11

engines, computational simulations have also become increasingly accurate and valuable.
These simulations range from multi-dimensional computational fluid dynamics (CFD)
simulations to zero-dimensional phenomenological models.
Phenomenological models typically utilize the first law of thermodynamics in
one-zone, two-zone, or multi-zone approaches to predict cylinder pressure and heat
release rate histories. With first law analysis, energy and mass conservation equations
are invoked for one or more zones within the combustion chamber along with the ideal
gas equation of state and the volume constraint (i.e., the sum of the instantaneous
volumes of all zones in the cylinder should equal the total instantaneous cylinder volume)
to solve for zone temperature(s), cylinder pressure, heat release rate, etc. However, first
law analysis alone does not provide any indication of the source(s) of inefficiencies in IC
engine processes. To characterize the inherent thermodynamic irreversibilities that lead
to inefficiencies, it is necessary to apply the second law of thermodynamics to each zone
within the combustion chamber. Second law analyses provide detailed insight into the
amount of irreversibilities in different zones (in terms of entropy generation) and the
influence of different engine operating parameters on entropy generation. An alternative
approach to traditional second law analysis is exergy analysis, which applies the first and
second laws together to determine the flow of exergy (i.e., available energy) through the
system.
In the beginning of this chapter, studies related to advanced combustion engines
such as dual fuel LTC and HCCI are reviewed. Different research efforts including
experimental and numerical studies are addressed and their contribution to the
development of IC engines are discussed. Then, studies which focused mainly on the
12

application of second law of thermodynamics on IC engines (including conventional and
advanced combustion strategies) are reviewed. Since, several advanced combustion
concepts are relatively new in comparison with conventional combustion strategies, there
are not many studies dealing with second law analysis of advanced combustion concepts.
Finally, the organization of the present thesis is discussed along with the application of
second law to analyze dual fuel methane-diesel LTC.
2.1

Advanced combustion IC engines research efforts
In the recent decades and after environmental and fuel crisis, the request for more

efficient devices as well as IC engines is ubiquitous. Despite significant gains in engine
fuel conversion efficiencies over the past few decades, there is still scope for further
improvement. As mentioned in previous chapter, one the main obstacles for conventional
IC engines to reach higher fuel conversion efficiency is the amount of pollutants which
emitted from exhaust pipe and limited by EPA. Among different fuel alternatives,
natural gas is significant for utilizing in transportation due to its friendly environmental
characteristics in addition to abundant sources to provide it. Therefore, methane-diesel
dual fuel LTC engines are considered as a substitute for conventional diesel engines.
Karim [23] was one of the pioneers in reporting advantages of methane-diesel dual fuel
combustion in IC engines. From that time, a lot of researchers studied characteristics of
dual fuel engines and reported the influence of different parameters on their performance
[24-30]. In the following, some of the research efforts regarding the dual fuel engines are
presented:
Ding and Hill [24] investigated the emissions and fuel economy of a four-cylinder
turbocharged methane-diesel dual fuel engine over a wide range of load and speed. They
13

reported excessive amount of HC and CO at light loads and observed that with increasing
the pilot quantity (diesel) HC and CO emissions reduced significantly while fuel
consumption improved simultaneously. Moreover, they found that adjustment of dieselgas fraction and fuel injection timing can improve fuel economy and emissions.
Mansour et. al. [26] observed the emissions and performance characteristics of a
diesel engine (Deutz FL8 413F) operated on dual fuel mode (natural gas-diesel). They
used a chemical kinetic reaction mechanism of the dual fuel combustion for developing a
computer program to model the experimental data and predicting the main combustion
characteristics such as temperature, pressure and species concentration. They stated that
at full load operation, with increasing the engine speed, HC emission concentrations
decreased for both the predicted and measured results while the measured values were
slightly higher at lower engine speeds.
The performance and emission characteristics of a single cylinder natural gas
fueled engine using a pilot ignition strategy (dual fuel engine) were investigated by
Krishnan et. al. [27]. In their research engine, use of small diesel pilots (2 to 3 percent on
an energy basis) to ignite the homogeneous mixture of natural gas and air resulted in
significant reduction of NOx emission compared to the diesel baseline. Also, they
studied the effects of intake charge pressure and temperature as well as pilot injection
timing on engine performance and emissions. They observed that at full load engine
operation, with appropriate control of the mentioned variables, brake specific NOx
emissions reduced to the range of 0.07–0.10 g/kWh from the baseline diesel value of 10.5
g/kWh with 1 to 2 percentage less fuel conversion efficiency.
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Wannatong et. al. [28] investigated the combustion characteristics such as ignition
delay period, premixed combustion phase, diffusion combustion phase in a single
cylinder research engine operating at natural gas/diesel dual fuel mode while operating
parameters such as intake temperature engine speed and torque were controlled and
recorded. They stated that at constant engine speed and load and natural gas mixing
ratio, the peak in-cylinder pressure was increased significantly while the ignition delay
was shortened with increasing the intake temperature. Moreover, with increasing the
intake temperature, the heat release rate gradually transformed into a single peak form,
but the engine knock might occur for the higher intake temperature. They also observed
that engine knock happened with increasing the amount of natural gas. The rough
combustion (partially burned) was observed instead in the case of sudden increase of
natural gas
In another research effort about dual fuel engines, Imran et. al. [30]
experimentally investigated performance and emissions of both conventional diesel mode
and natural gas dual fuel mode (with diesel and rape methyl ester as pilots) in a singlecylinder compression ignition engine at different engine speeds and loads to trace specific
NOx, specific HC and specific CO2 on a power-speed plots. They addressed that in case
of dual fueling across all speeds at lower power outputs, the specific HC emissions were
significantly higher in comparison with the respective pilot fuel based single fueling
because of lower in-cylinder temperature due to relatively higher specific heat capacity of
the mixture. By considering the specific HC and specific NOx maps together, they stated
that a place where the engine showed the worst tradeoff between the HC and NOx
emissions was the region of lower powers at lower speeds.
15

In the recent years, dual fuel LTC engines are known as reactivity controlled
compression ignition (RCCI) engine because pilot has high cetane number (high
reactivity) and the premixed charge has low cetane number (low reactivity). Therefore,
different combinations of pilot and premixed charge for controlling the engine result in
variation in overall reactivity of engine. There are various research efforts which
addressed different characteristics of RCCI engines [31-35]:
Benajes et. al. [31] conducted an experimental and numerical study to understand
mixing combustion processes and auto-ignition effects on engine-out emissions of a
heavy duty RCCI engine worked with gasoline and diesel, as the low and high reactivity
fuels, respectively. They reported a staged combustion process due to the multi
temperature and pressure raise controlled by the mixture reactivity stratification which
first the auto-ignition of the premixed diesel, air and gasoline mixtures occurred and then
propagated which leaded to multiple propagation flames through the low reactivity zones
across the combustion chamber.
Combustion and emission characteristics of a methanol/diesel RCCI engine have
been investigated by Li et al. [33] in a multi-dimensional model coupled with detailed
chemical kinetics mechanism. Different parameters studied on engine combustion and
emissions such as start of injection (SOI) of diesel, mass fraction of premixed methanol,
intake valve closing (IVC). They reported that unburned hydrocarbon (UHC) and soot
reduced by advancing SOI with high combustion temperature but they did not have
significant effect on reduction of nitrogen oxide (NOx) and carbon monoxide (CO)
emissions, on the other hand they observed that advancing the SOI and increasing
methanol fraction could improve fuel economy and avoid engine knock.
16

In another research effort, Li et al. [35] conducted an optimization of a RCCI
engine fueled with methanol/diesel by integrating an multi-dimensional model and the
non-dominated sorting genetic algorithm II. Different parameters considered such as
EGR rate, the mass fraction of methanol, IVC pressure, IVC temperature and SOI. Also,
the sensitivities of fuel efficiency, ignition timing, emissions and ringing intensity were
analyzed. They reported that EGR rate and IVC temperature were the most significant
operating parameters for overall engine performance and emissions due to their influence
on combustion temperature. On the other hand, they noticed that the RCCI combustion
with advanced SOI and high methanol fraction had higher fuel efficiency and lower
emissions. The study also addressed that adjusting the methanol fraction exhibited the
most feasible control on ignition timing and having acceptable levels of ringing intensity
and CA50.
There are other advanced combustion strategies beside dual fuel LTC which a lot
of engine researcher tried to understand their functions and improve their performances.
Some of them include homogeneous charge compression ignition (HCCI), gasoline
compression ignition (GCI) and partially premixed combustion (PPC). In the following,
some of these research efforts are notified [37-40]:
Bessonette et al. [37] evaluated fuel property changes on heavy-duty HCCI
combustion operating range and emissions. They considered fuels in the range of
gasoline and diesel boiling point to cover range of volatility, fuel chemistry, and ignition
quality. The conducted experiments showed that heavy-duty HCCI operation over a
broad load range and significant emission reductions can be achieved by suitable
combination of fuel quality and engine conditions. In other words, gasoline low
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reactivity made it difficult to achieve combustion at low load but it could be used to
extend the pre-combustion mixing time, also as the engine load increased, even though
diesel had high reactivity but it required high levels of EGR for appropriate combustion
phasing.
Intermediate temperature heat release (ITHR) in HCCI engines using blends of
ethanol and n-heptane was examined by Vuilleumier et. al. [39] over the range of intake
pressures from 1.4 bar to 2.2 bar, 0–50% n-heptane liquid volume fractions, and
equivalence ratios 0.4 and 0.5. They combined engine experiments with chemical kinetic
simulations and addressed that with increasing the portion of highly reactive fuel, ITHR
increased and eventually low temperature heat release triggered (LTHR). Also, increased
ITHR reduced the COV of IMEP in the cylinder while the onset of LTHR increased
theCOV of IMEP.
2.2

Second law analysis of IC engines studies
In the early 1960s, Patterson and Van Wylen [41] addressed the thermodynamic

irreversibilities associated with the working fluid in their simulation of spark-ignited
engine cycles. Subsequently, research efforts intensified in the 1980s when several
researchers employed the second law of thermodynamics to analyze both spark-ignition
(SI) and compression-ignition (CI) engine processes [42-46].
For instance, Primus and Flynn [45] showed that second law analysis can provide
a deep understanding of CI engine processes. Building on their previous studies on diesel
engines, they assessed various loss mechanisms and reported that in-cylinder
irreversibilities are in the range of 20-25percent for full load operation. Related to SI
engines, Lior and Rudy [46] performed a second law analysis of an ideal Otto cycle and
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investigated the losses in the cycle associated with the combustion and the exhaust
processes.
A selective review of various second law analyses performed over the past few
decades on IC engines and combustion processes is presented in Table 2.1. Other
relevant studies published in the open literature are also discussed below.
Table 2.1
Ref.

[47]

[49]

Selective review of second law analyses on IC engines and combustion
Year

1990

1994

Engine

Approach

Salient Conclusions

CI

Single zone model was
used for detailed second
law analysis, which
included thermomechanical and
chemical exergy

Combustion duration and
shape of mass burn rate curve
have slight effect on
irreversibility; however, heat
transfer has a significant
effect on in-cylinder exergy at
the end of expansion.

Overall entropy
generation during
combustion and its subprocesses was described
and quantified.

Internal thermal energy
exchange (i.e., heat transfer)
between the reacting gas and
the unburned mixture is the
major contributor for entropy
generation during combustion
processes.

-
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Table 2.1 (continued)

[51]

[53]

[61, 62]

[65]

1997

2000

2008

2012

CI

-

CI/SI

CI

Energy and exergy
analysis performed in
naturally aspirated
diesel engine under
transient and steady
state conditions.

Exergy destruction
obtained for an adiabatic
constant volume system
for a range of pressures,
initial temperatures and
equivalence ratios for
octane–air mixtures

With increasing load,
combustion irreversibilities
decrease while exergy losses
with wall heat transfer
increase

With decreasing equivalence
ratio and lower combustion
temperatures, exergy
destruction increases, while
combustion pressure only has
a modest effect on exergy
destruction.

Primary requirement for
minimizing entropy
Theoretical studies of IC
generation during combustion
engine processes
is to ensure that internal
conducted by employing
energy of the reactants is
both first and second
increased as much as possible
laws
before combustion is allowed
to occur.

Engine cycle simulation
used to examine energy
and exergy distribution
in an LTC diesel engine
based on the effect of
injection timing and hot
EGR levels.
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Increasing hot EGR levels
result in higher combustion
temperatures and reduction of
the exergy destruction during
combustion. Moreover, late
injection results in lower
percentage of heat transfer
exergy and higher percentage
of exergy due to
intake/exhaust flows.

In the 1990s, several researchers implemented second law analyses to investigate
the performance of IC engines [47-52]. For example, some studies focused on exergy
analysis of engines with alternative fuels such as Gallo et al. [48] and Alasfour [50].
Gallo et al. [48] applied exergy analysis to an ethanol fueled engine and compared it with
the same engine operating on gasoline fuel. Alasfour [50] experimentally investigated
exergy losses in a spark-ignition engine using a 30 percent volume butanol-gasoline
blend over a wide range of fuel/air equivalence ratios (0.8-1.2). He concluded that the
second-law efficiency of the butanol-gasoline blend decreased by 7 percent compared to
pure gasoline fuel.
Several studies were published on second law analysis of engine processes in the
2000s. For example, Caton [53-57] applied second law analysis to investigate a wide
range of IC engine applications. In one specific instance, Caton [55] applied a multi-zone
thermodynamic formulation to simulate all processes in a four-stroke SI engine and to
characterize engine performance based on first law and second law parameters. In
another effort [56], Caton examined experimentally and computationally (using
thermodynamic simulations) a 5.7 liter advanced automotive engine. He reported that the
exergy destruction reduces slightly with increasing compression ratio due to an increase
in cylinder pressures. In yet another effort, Caton used a cycle simulation [57] to
determine the impact of high compression ratios, high exhaust gas recirculation (EGR),
and lean operation on engine processes from both first law and second law perspectives.
He found that entropy generation during combustion is mainly a function of the gas
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temperature during combustion. Thus, the use of cooled EGR increases entropy
generation because of lower combustion temperatures.
Parlak et.al. [58] investigated experimentally the performance of a DI diesel
engine with insulated combustion chamber surfaces and their effect on the exergy of the
exhaust stream. They addressed that the power and torque of the engine increased about
1 percent, and BSFC was improved by about 6 percent. Moreover, a substantial increase
of exhaust gas temperature increases the exergy of the exhaust stream by about 3–27
percent.
Rakopoulos and Giakoumis [59], conducted first and second law analyses using
an experimentally validated model of a turbocharged diesel engine under transient load
conditions and concluded that the results from first law and second law analyses are not
always mutually consistent. They also noted that exhaust waste energy should be
recovered for minimizing overall system-level irreversibilities. Rakopoulos and Michos
[60] examined exergy flows in an SI engine fueled by biogas–hydrogen mixtures by
utilizing an experimentally validated, closed cycle, quasi-dimensional, multi-zone
thermodynamic model featuring a turbulent flame propagation sub-model. They
concluded that the combustion process can be improved and combustion irreversibilities
can be reduced by increasing the hydrogen content in biogas.
The research of Azoumah et al. [63] attempted to combine second law analysis
along with gas emissions analysis to optimize the performance of a compression ignition
engine operating on blends of biofuels and diesel. Despite not considering chemical
exergy in their study, they found that the combination of exergy and gas emissions
analyses is an effective tool for optimizing CI engines.
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In another research effort, Abassi et al. [64] conducted a numerical study to check
the effect of intake charge temperature on the second law parameters in a direct injected
diesel engine under the various operating engine speeds. They found that available work,
combustion irreversibility and entropy generation per cycle reduced with increasing the
intake temperature while exergy transfer due to heat transfer and exhaust gas availability
increased.
Ozkan et al. [66] characterized the first and second law efficiencies of a diesel
engine enabled with multiple injection strategies. They found that the pre injection
timing does not have a significant effect on first and second law efficiencies. Entropy
generation in constant internal energy-volume combustion processes was studied by
Knizley et al. [67] for a variety of fuels and diluents. They found that even though
reactant pressure did not have a significant effect on entropy generation, increasing the
reactant temperature reduced entropy generation. Also, among the diluents that they
investigated, they concluded that H2O has the most significant effect on combustiongenerated entropy while CO2 has the least significant effect. Jafarmadar [68] performed
closed cycle energy and exergy analyses of a hydrogen/diesel dual fuel engine at different
gas fuel-air ratio using a three-dimensional model, and reported that with increasing gas
fuel-air ratio, the exergy efficiency decreases.
In addition to the specific studies discussed above, there are several review
articles, which discuss the application of the second law of thermodynamics to analyze IC
engine processes. For instance, Caton [69] reviewed studies, which used second law
analyses based on phenomenological models to understand engine behavior. In another
comprehensive review article, Rakopoulos and Giakoumis. [70] provided a broad
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literature review of second law analyses applied to IC engines, while also including
detailed energy and exergy balances based on the first and second laws of
thermodynamics, chemical exergy equations, and different specific examples. Despite
the long history of second law analyses applied to study both SI and CI engine
combustion, not many studies have presented second law analyses of single fuel or dual
fuel low temperature combustion (LTC) strategies [71, 72].
2.3

Organization of the work
In the following sections, a 2.4-liter single-cylinder research engine operating at a

nominal load of 6 bar BMEP and 1700 rpm is considered to study second law analysis
and characterize irreversibilities in dual fuel LTC. In the beginning, characteristics of its
phenomenological, multi-zone simulation is explained. The multi-zone model, which
simulates closed cycle processes between intake valve closure (IVC) and exhaust valve
opening (EVO), divides the cylinder contents into four main zones: (i) an unburned zone
containing a premixed natural gas-air mixture, (ii) a pilot fuel zone (or “packets”)
containing diesel vapor and entrained natural gas-air mixture, (iii) a flame zone, and (iv)
a burned zone. Due to reasonable model predictions in comparison with experimental
results, the model is used for more detailed investigations based on second law analysis.
To find the cumulative entropy generated in each zone as well as within the entire
cylinder from IVC to EVO, the entropy generation rates of all zones (i.e., the unburned
zone, packets, flame zone, and burned zone) are calculated and integrated with respect to
crank angle. Therefore, the rate of entropy generation and the cumulative
thermodynamic irreversibilities in each zone are quantified and discussed.
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Subsequently, two new second-law-based performance parameters are defined
with the intent of obtaining engine size-independent metrics of thermodynamic
irreversibilities. First parameter is called “lost available indicated mean effective
pressure” (LAIMEP) which is independent of engine size and can be used to compare the
lost available work between engines of different sizes as well as between engines
operating in different combustion modes. In other words, it can be interpreted as an
engine-size-normalized measure of available work that is lost due to thermodynamic
irreversibilities (analogous to the relationship between indicated mean effective pressure
and indicated work). Second parameter is called fuel conversion irreversibility (FCI)
which can be defined as the ratio of the lost available work to the total fuel chemical
energy.
Finally, to quantify thermodynamic irreversibilities on zonewise entropy
generation distribution in dual fuel LTC and to define and show LAIMEP and FCI as
useful second-law-based engine design parameters (analogous to IMEP and iFCE), the
effect of SOI, intake temperature and boost pressure on second law parameters of the
dual fuel LTC are discussed while the engine speed is held constant at 1700 rev/min. The
effects of diesel SOI are studied by changing the SOI from 300 CAD to 325 CAD in
steps of 5 CAD. For quantifying the SOI effects on entropy generation, the experimental
natural fueling rates obtained for each SOI are used; while the diesel fueling rate was
fixed for all SOIs. For quantifying the effects of Tin and Pin, the fuel input energies from
both diesel and natural gas are kept constant at experimentally measured values
corresponding to the SOI of 300 CAD because the dual fuel LTC experiments showed a
significant reduction in NOx emissions at advanced SOIs. Cumulative entropy generation
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in each zone as well as new second-law-based performance parameters are studied when
the intake temperature is increased from 75°C to 115°C and the boost pressure is
increased from 1.4 bar to 2.4 bar. For each set of parametric study, the trend of new
defined second law parameters as well as IMEP and iFCE are addressed by considering
other engine parameters such as ignition delay, maximum flame temperature, combustion
phasing, etc.
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CHAPTER III
MODEL DEVELOPMENT
A phenomenological, multi-zone simulation of dual fuel LTC was developed and
validated in previous research [73]. The present work builds on the overall framework of
this previously validated simulation of dual fuel LTC. For the sake of completeness, a
brief description of the main features of the dual fuel LTC simulation is resented in this
section; for a more detailed discussion of the sub-models as well as validation of the
simulation at different operating conditions, the reader is referred to Ref. [73,87].
The phenomenological simulation focuses on modeling processes in the closed
portion of the engine cycle from intake valve closure (IVC) to exhaust valve opening
(EVO). In dual fuel LTC, a premixed mixture of low cetane main fuel (e.g., natural gas)
and air is ignited by early injection of small sprays of a high cetane pilot fuel (e.g.,
diesel), which accounts for about 2-3 percent of the total fuel energy input [74]. Dual fuel
LTC (also known as reactivity controlled compression ignition) has been demonstrated
using a variety of main fuels such as methane or natural gas [75], gasoline [76], ethanol
[77], etc. In the present work, natural gas is considered as the main fuel, which is ignited
by diesel. Therefore, the multi-zone model for simulating dual fuel LTC includes
features to account for both diesel spray combustion and premixed turbulent flame
propagation. Experimental results for dual fuel LTC obtained on a 2.4-liter single-
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cylinder research engine equipped with a dedicated pilot injection system were used to
validate the multi-zone model.
In Table 3.1, the model input parameters, engine specifications, and experimental
operating conditions examined in the present paper are provided. At a constant engine
speed of 1700 rev/min, the natural gas fueling rates were varied in the experiments to
keep a nominal fixed brake mean effective pressure (BMEP) of 6 bar for all diesel
injection timings (or start of injection (SOI) of diesel), while the diesel injected quantity
was experimentally fixed at 3.3 g/min to achieve low NOx emissions. Also, for
simulating turbocharged conditions, externally compressed and heated air was provided
to the engine through an inlet surge tank while an exhaust tank was used to provide the
required back pressure. For all of the conditions discussed in this paper, no EGR was
used.
Table 3.1

Engine details and operating conditions

Parameters

Specifications

Engine type

Single cylinder, four stroke

Bore (mm)

137

Stroke (mm)

165

Compression ratio

14.5

Combustion system

Direct injection, Mexican hat

Diesel Injection System

Electronic, common rail

EGR percentage

0
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Table 3.1 (continued)
Number of nozzle holes

4

SOI

Variable (300–325 CAD)

Diesel injection pressure (bar)

359.5

Diesel injected quantity (g/min)

3.3

Diesel injection duration (CAD)

5

Natural-gas fueling rate (g/min)

Variable for SOI sweep (77.3-81.0);
Constant (81.0) for Tin and Pin sweeps

Engine speed (r/min)

1700

Experimental nominal BMEP (bar)

6

Intake manifold temperature

75°C (348 K)

Intake manifold pressure (bar)

1.81

In the multi-zone simulation, depending on the crank angle, the cylinder contents
are divided into one or more of the following zones: an unburned zone that contains the
premixed natural gas-air mixture, pilot fuel zones (packets) that simulate diesel spray
combustion along with some entrained natural gas, a flame zone that models premixed
turbulent flame propagation into the natural gas-air mixture, and a burned zone that
contains combustion products.
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Figure 3.1

Pilot fuel zones
(Packets)

Unburned zone

Burned zone

Flame zone

Schematic of different zones evolution; figure obtained from Ref [87]

Each zone is modeled as an open thermodynamic system consisting of a mixture
of ideal gases. While mass transfer is allowed between zones, heat transfer is modeled
just between each zone and the cylinder wall. Methane and n-dodecane are taken as
single-component surrogates for natural gas and diesel, respectively. Moreover,
complete combustion is assumed for burning of diesel and natural gas. It means that
diesel and natural gas are assumed to be converted into water and carbon dioxide. Also,
it is considered that there is not any spatial variations in instantaneous cylinder pressure.
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Furthermore, flame propagation into the air-natural gas mixture is assumed to be
spherical. The entire cylinder contents are treated as a closed system present within the
combustion chamber because the crevice flows are neglected. It is worth to mention that
in the combustion model, flame quenching at the cylinder wall is not considered.
Combustion is assumed to be complete when more than 99.9 percent of the total
entrained mass in the flame zone has been burned.
The first law of thermodynamics (i.e. energy balance equation) is applied to each
zone i to obtain gross heat release rates (GHRR) and the temperature of each zone in the
following manner:

d mi cviTi 
Q
dV
dmi
  i  P i   hi
d
d net in d
net in d

(3.1)

where, mi is the mass, cvi is the specific heat at constant volume, Ti is the
temperature, P and V are the instantaneous pressure and volume, respectively, hi is the
specific enthalpy,

Qi
is the net rate of heat transfer (including heat transfer to
net in d



cylinder walls, energy release due to combustion, and energy consumed in diesel
evaporation) into zone i, and all derivatives are with respect to crank angle (θ). For
calculating the thermodynamic properties of individual species, the NASA polynomial
coefficients [39, 40] were used.
The following equation is used to calculate the heat transfer rate from each zone
to the cylinder walls:

Qi Qtot Vi 2 / 3 Ti  Twall 

d
d Vi 2 / 3 Ti  Twall 
i
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(3.2)

where,

walls,

Qi
is the instantaneous heat transfer rate from zone i to the cylinder
d

Qtot
is the total instantaneous heat transfer rate to the cylinder walls, and Ti is the
d

temperature of that zone, Vi is the zone volume, and Twall is the cylinder wall temperature
(assumed to be 480 K).
As mentioned before, the multi-zone model was validated over a range of
operating conditions [73]. For example, Figure 3.2 shows the predicted and experimental
cylinder pressure and GHRR profiles for an absolute SOI of 300 CAD (i.e., for an
injection timing of 60 degrees before compression TDC). Comparison of model
predictions and experimental results indicates that the model predicts both heat release
rates and cylinder pressure profiles with reasonable accuracy. Therefore, the model can
be used for more detailed investigations based on second law analysis of dual fuel LTC.
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Figure 3.2

comparison of simulated and experimental heat release rates and cylinder
pressures at the SOI of 300 CAD
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CHAPTER IV
SECOND LAW ANALYSIS
4.1

Zonewise consideration
In the present work, the first law analysis described above was complemented by

applying the second law to each zone for developing entropy balance equations. In this
regard, to find the cumulative entropy generated in each zone as well as within the entire
cylinder from IVC to EVO, the entropy generation rates of all zones (i.e., the unburned
zone, packets, flame zone, and burned zone) were calculated and integrated with respect
to crank angle. The generic form of the entropy balance equation (from the second law)
applied for each zone i is:

dS gen,i
d
where,

dS gen,i
d



dSi
dmi
1 Qi
 
  si
d net in Tbi d net out d

is the rate of entropy generation in zone i,

entropy within zone i,

(4.1)

dSi
is the rate of change of
d

1 Qi
is the amount of entropy transfer associated with the
net in Tbi d



net heat transfer into zone i,



net out

si

dmi
is the total entropy transfer rate due to net mass
d

transfer out of zone i, and Tbi is the boundary temperature of zone i, which is assumed
equal to the instantaneous zone temperature, Ti. For a detailed study of second law
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results and entropy generation in each zone, the SOI of 300 CAD is considered. This
specific SOI was chosen because the dual fuel LTC experiments showed a drastic
reduction in NOx emissions for this SOI.
4.1.1

Unburned zone
The unburned zone contains the premixed natural gas-air mixture trapped in the

cylinder at IVC. After SOI, mass transfer occurs from the unburned zone to the packets
and after the start of combustion, mass transfer occurs to the flame zone as well. As such,
no mass transfer occurs into the unburned zone at any time in the simulation.
Considering that the unburned zone only experiences heat transfer from/to the cylinder
wall and mass transfer to the packets and to the flame zone, the different terms on the
right hand side in Equation 3 applied to the unburned zone are as follows:

dSgen,u
d
where,

dS gen,u
d



dm
dm
dSu 1 Qu ,wall

 sout u  p  sout u  f
d Tu d
d
d

is the rate of entropy generation in the unburned zone,

(4.2)
dSu
is the
d

rate of change of entropy within the unburned zone, Tu is the instantaneous temperature
of the unburned zone and

1 Qu ,wall
is the rate of entropy transfer due to heat transfer
Tu
d

from the unburned zone to the cylinder wall. Also, sout is the specific entropy of the
unburned zone at a given crank angle; s out

dmu  p
d

and s out

dmu  f
d

are the rates of

entropy transfer due to mass transfer from the unburned zone to the packets and from the
unburned zone to the flame zone, respectively. The change of entropy inside the
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unburned zone counterbalances the amount of entropy transfer due to heat transfer and
due to mass transfers, which leads to negligible entropy generation inside the unburned
zone, as will be shown later.
4.1.2

Pilot Fuel Zones (Packets)
After SOI, the pilot fuel zones (i.e., packets) are formed. An axisymmetric diesel

spray is considered with a user-defined number of packets injected sequentially
throughout the injection duration to account for the combustion of diesel and natural gas
entrained into the spray. The evolution of the diesel spray and the classification approach
of the packets are shown schematically in Figure 4.2. The packets are classified with two
numerical values (I, J), where I is an index that tracks the time of entry of a given packet
into the cylinder and J is another index to tracks the anticipated radial stratification in
spray mixture entrainment. In other words, a higher value of I indicates that the packet is
injected later, while a higher value of J indicates that the packet is located closer to the
spray axis and will experience less entrainment.
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Figure 4.1

Schematic of packets classification showing spray entrainment; figure
obtained from Ref [73]

A phenomenological spray entrainment model is considered [73], which is used
to determine the entrainment of natural gas-air mixture into the diesel spray, accounting
for both axial and radial variations in entrainment. For calculating spray penetration,
Dent’s correlation [80] is used due to its simplicity of implementation in a
phenomenological spray model. Droplet evaporation rates are calculated employing a
quasi-steady, isolated droplet evaporation model in which evaporation rates adjust
instantly to species concentration changes and temperature within each packet. In dual
fuel engines, diesel ignition initiates natural gas combustion; therefore, in the present
study, the Shell auto-ignition model [81] is used for modeling diesel ignition in each
packet. After a packet ignites, natural gas entrained into the packet is burned along with
diesel following single-step global reaction mechanisms adapted from Westbrook and
Dryer [43].
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Heat transfer interactions in packets arise due to energy transfer to the cylinder
wall and the evaporation of diesel fuel, which is driven by energy exchanged with a given
packet’s surroundings. Moreover, mass transfer interaction of packets is from the
unburned zone to the packets. Therefore, different terms of second law equation for each
packet zone will be as follows:

dS gen, p
d
where,



dS p
d

dS gen, p
d



dm p , evap
dm p , evap
dmu  p
1 Q p , wall
 s pg
 s pf
 s in
T p d
d
d
d

is the rate of entropy generation in each packet,

dS p
d

(4.3)

is the rate of

change of entropy within each packet, Tp is the instantaneous temperature of each packet,
1 Q p,wall
is the rate of entropy transfer due to heat transfer from the packet to the
Tp
d

cylinder wall. In the isolated evaporation model, the energy required for diesel droplet
evaporation is obtained from the packets. In other words, saturated liquid diesel is
assumed to enter a packet, absorbs energy from the packet, and leaves as saturated diesel
vapor. Therefore, s pg

dm p ,evap
d

 s pf

dm p ,evap
d

is the net rate of entropy transfer associated

with mass transfers of saturated diesel liquid and saturated diesel vapor in the packet.
Moreover, s in

dmu  p
d

is the rate of entropy transfer due to mass transfer from the unburned

zone to the packet. The main causes of thermodynamic irreversibilities in packets are
evaporation and energy release due to pre ignition and combustion of diesel and natural
gas, which will be discussed later. The increase in temperature and pressure caused by
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pre-ignition and combustion energy release leads to higher entropy within the packets,
which far exceeds any entropy transferred due to heat and/or mass transfers and must,
therefore, be attributed to entropy generated due to internal irreversibilities within the
packet. For the SOI of 300 CAD, Figure 4.2 shows the rate of entropy generation inside
two individual packets.

Figure 4.2

Instantaneous entropy generation inside two individual packets at SOI =
300 CAD

In Figure 4.2, the rate of entropy generation becomes positive right after the start
of injection of the packet (1,1) at 300 CAD; for the packet (20,6) and based on the
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sequence of injection of different packets, it started around 302 CAD. The Area 1 in
Figure 4.2 shows the rate of entropy generation in the packets due to evaporation of
diesel fuel inside them. The other reason of entropy generation is related to the heat
release inside the packets because of pre ignition of diesel fuel, which is shown as Area 2.
Pre-ignition energy release, raises the packet temperatures, and ignition of a packet is
assumed to occur when either the rate of increase in the packet temperature exceeds 107
K/s or the packet temperature exceeds 1100 K. For detail discussion of pre-ignition
energy release please refer to Ref [87]. Subsequently, as heat release occurs due to
combustion of diesel fuel and entrained natural gas and air in a given packet, the rate of
entropy generation is shown as Area 3.
Consequently, after calculating the rate of entropy generation in each packet and
summing them up over all the packets, the instantaneous rate of entropy generation in all
packets is calculated. For SOI = 300 CAD, Figure 4.3 shows the total rate of entropy
generation within all packets.
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Figure 4.3

Instantaneous rate of entropy generation inside all packets at SOI = 300
CAD

By integrating the instantaneous rate of entropy generation with respect to crank
angle, the amount of cumulative irreversibilities within all packets can be calculated. To
this end, Figure 4.3 is divided into 4 different zones based on source of irreversibility.
The area 1 is the entropy generation because of evaporation of diesel inside the packets.
The entropy generation in Area 1 is the smallest since the amount of heat transfer due to
evaporation is minuscule in comparison to the energy released during pre-ignition and
combustion. As shown in Table 3.1, the diesel injection duration was 5 CAD, so the rate
of entropy generation related to evaporation reaches its maximum at 305 CAD when all
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the packets come to existence and reduce after 305 CAD when injection and evaporation
energy decrease. The second area shows the entropy generation due to pre ignition
reactions in different packets, which leads to ignition in the one of the packets at 350.7
CAD, causing the start of combustion. At SOC, the rate of entropy generation reaches a
maximum as shown in the Figure 4.3. After SOC, the entropy generation inside the
packets is due to both diesel and natural gas combustion heat release in some packets and
pre ignition in other packets, which corresponding to Area 3 and extends until 359 CAD,
when the last packet ignites. As such, the cause of irreversibility in Area 4 is just due to
diesel combustion inside the packets, which lasts until the end of combustion.
4.1.3

Flame Zone
Premixed turbulent flame propagation into the natural gas-air mixture is simulated

in the flame zone. The flame zone may be interpreted as the ensemble of localized flame
propagation regions around all ignited packets. Therefore, it is created as soon as ignition
first occurs in any packet and ceases to exist at EOC. Tabaczynski et al’s [83] model of
entrainment and burn up is employed to simulate natural gas combustion by premixed
turbulent flame propagation. This model has been used extensively in the literature to
simulate premixed turbulent combustion in SI engines. Throughout the combustion
process, it is assumed that each packet keeps its individuality and no interaction occurs
between packets, although the packets’ impact on the flame zone area evolution is
considered.
Only heat transfer to the cylinder walls occurs in the flame zone, whereas mass
transfer occurs from the unburned zone to the flame zone and from the flame zone to the
burned zone. So, the second law equation for the flame zone will be as follow:
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dS gen, f
d
where

dS gen, f
d



dS f
d



dm f  b
dmu  f
1 Q f , wall
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 sin
Tf
d
d
d

is the rate of entropy generation in the flame zone,

(4.4)

dS f
d

is the

rate of change of entropy within the flame zone, Tf is the instantaneous flame temperature
and

Q f ,wall
d

is the rate of heat transfer from the flame zone to the cylinder wall.

Furthermore, s out

dm f b
d

and sin

dmu  f
d

are the entropy transfer rates due to mass

transfers from the flame zone to the burned zone and from the unburned zone to the flame
zone, respectively.
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Figure 4.4

Instantaneous entropy generation in the flame zone and gross heat release
rate in the engine at SOI = 300 CAD

Figure 4.4 shows the instantaneous rate of entropy generation inside the flame
zone at SOI= 300 CAD. As mentioned before, the flame zone comes into existence at
SOC; so, the rate of entropy generation is calculated from 350.7 CAD until EOC. The
shape of the entropy generation is similar to the gross heat release rate profile because the
main reason for the irreversibility inside the flame zone is due to the combustion of
natural gas inside the flame zone. The main reason for irreversibilities inside the flame
zone is combustion of natural gas in the flame zone. So, the flame zone irreversibilities
and the associated entropy generation are directly proportional to the amount of burned
natural gas in the flame zone. Therefore, natural gas mass flow rate and the mass burned
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fraction at EVO can affect the cumulative entropy generated in the flame zone. For the
same amount of burned natural gas, more complete combustion at higher temperatures
will reduce the amount of entropy generation in the flame zone. In the other words, the
cumulative entropy generated in the flame zone has an inverse relationship with the
maximum flame temperature for the same amount of burned natural gas.
4.1.4

Burned Zone
The burned zone is formed one time step after SOC and includes combustion

products transferred from the flame zone every time step. The only heat transfer
experienced in the burned zone is to the cylinder walls. Mass transfer occurs from the
flame zone to the burned zone. So, the heat transfer and mass transfer parameters
associated with the entropy balance equation inside the burned zone is as follows:

dS gen,b
d
where

dS gen, b
d



dm f b
dSb 1 Qb, wall

 sin
d Tb d
d

is the rate of entropy generation in the burned zone,

(4.5)
dSb
is the
d

rate of change of entropy within the burned zone, Tb is the instantaneous temperature of
the burned zone and

1 Qb,wall
is the rate of entropy transfer due to heat transfer from
Tb d

the burned zone to the cylinder walls. Also, s in

dm f b
d

, is the rate of entropy transfer due

to mass transfer from the flame zone to the burned zone.
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Figure 4.5

Instantaneous entropy generation in the burned zone and rate of mass
transfer into the flame zone at SOI = 300 CAD.

Figure 4.5 shows that similar to the flame zone the rate of entropy generation is
calculated from 350.7 CAD right after SOC along with the mass flow rate into the burned
zone. While the main reason for the irreversibilities in the packets and the flame zone is
the combustion energy release, entropy generation in the burned zone can be attributed to
the mass transfer of combustion products from the flame zone to the burned zone. This
influence becomes more pronounced just after EOC when the entire mass of the flame zone
is transferred to the burned zone as the flame zone ceases to exist.
To provide some perspective regarding the mass distribution in different zones, Figure 4.6
shows the instantaneous mass inside each zone for the SOI of 300 CAD. It is evident that
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right after SOI, the packets are formed while after SOC (around 350 CAD), the flame and
burned zones come to existence. It is evident from Figure 4.6 that most of the mass inside
the cylinder is accounted for in the unburned zone and the burned zone while the
contribution of the packets and the flame zone are much smaller and nearly equal to each
other.

Figure 4.6

Instantaneous mass inside each zone at the SOI of 300 CAD
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4.2

Definition of New Second-Law-Based Parameters
In this section, two new second-law-based performance parameters are defined

with the intent of obtaining engine size-independent metrics of thermodynamic
irreversibilities. These parameters were briefly introduced by the author in a recent
publication [84].

However, a detailed application and zone-wise analysis of these

parameters will be discussed in the present work.
As described above, the rate of entropy generation in each zone is calculated by
invoking the second law of thermodynamics. In this regards, the cumulative entropy
generated in each zone is obtained by integrating the entropy generation rate with respect
to crank angle. Subsequently, the total cumulative entropy generated over the closed
engine cycle (Sgen) is calculated by summing the cumulative entropy generated over all
the zones. Finally, the Guoy-Stodola theorem is employed to find, the “lost available
work” as follows [85]:

Wlost  T0 S gen

(4.6)

where, Wlost is the total lost available work in the closed engine cycle between
IVC and EVO, T0 is the dead state temperature (assumed to be 298.15 K), and Sgen is
the total entropy generated over the closed engine cycle. Physically, the lost available
work is usually interpreted as the available energy (or exergy) that is permanently lost
due to thermodynamic irreversibilities in the system. So, it depends on the design,
constitution, and operation of the system.
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4.2.1

Lost Available Indicated Mean Effective Pressure (LAIMEP)
The mean effective pressure is a size-normalized engine performance metric,

which is a very useful quantity for comparing the work output of engines of different
sizes. Even though power and torque are quantities that measure engine performance,
they are dependent on engine size. So, the mean effective pressure quantifies the enginesize-normalized work output of an engine (or torque output at a given speed). For
instance, the indicated mean effective pressure (IMEP) is defined based on indicated
work and is typically used for comparing indicated work from different engines as well as
for quantifying engine instability through the coefficient of variation (COV) of IMEP.
Defining a similar parameter that is independent of engine displaced volume for
comparing thermodynamic irreversibilities different engines might be helpful for
researchers. In this regard, proceeding analogously from the definition of IMEP, we can
define an engine-size-normalized parameter for lost available work, termed the lost
available IMEP (LAIMEP) as follows:

LAIMEP 

Wlost
Vd

(4.7)

where, Vd is the displaced volume of the engine. According to this definition, the
LAIMEP is independent of engine size and can be used to compare the lost available
work between engines of different sizes as well as between engines operating in different
combustion modes.
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4.2.2

Fuel Conversion Irreversibility (FCI)
The fuel conversion irreversibility (FCI) is another second law-based parameter

that can be defined as the ratio of the lost available work to the total fuel chemical energy
input to an engine.

FCI 

Wlost
 m fuel,i  QLHV,i

(4.8)

i

where, mfuel,i is the mass of each fuel species (i) inducted or injected into the
cylinder per engine cycle and QLHV,i is the corresponding lower heating value of fuel i.
With this definition of FCI, it is obvious that for all engines at all operating conditions the
FCI must be minimized. For the specific case of dual fuel LTC discussed in the present
study, the lower heating values and the fuel masses per cycle of both natural gas and
diesel are considered in Equation 10. In this regard, it should be noted that, since only
the closed portion of the engine cycle from IVC to EVO is considered, the Wlost presented
here excludes the portion of total available energy that is lost with the exhaust gases.
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CHAPTER V
RESULTS AND DISCUSSION
As mentioned before, the primary goals of the present work are to quantify
thermodynamic irreversibilities in dual fuel LTC and to define and show LAIMEP and
FCI as useful second-law-based engine design parameters. Analogous to IMEP and
indicated FCE (iFCE), which are first-law-based performance parameters, LAIMEP and
FCI can be used to compare different engines operating on different combustion modes
from the second law perspective. Therefore, it is generally desirable to improve iFCE
and IMEP while minimizing LA-IMEP and FCI to reduce thermodynamic
irreversibilities. It is also of interest to investigate if the maximum IMEP and iFCE
operating condition for a given fueling rate also corresponds to the minimum LAIMEP
and FCI.
To this end, the effect of SOI on entropy generation, LAIMEP, and FCI in dual
fuel LTC are studied. Subsequently, the effects of intake temperature (Tin) and boost
pressure (Pin) on second law parameters are discussed. In addition, zone-wise results
from the second law analysis are also presented. For quantifying the SOI effects on
entropy generation, the experimental natural fueling rates obtained for each SOI are used;
moreover, in the experiments, the diesel fueling rate was fixed at 3.3 g/min for all SOIs.
For quantifying the effects of Tin and Pin, the fuel input energies from both diesel and
natural gas are kept constant at experimentally measured values corresponding to the SOI
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of 300 CAD. As mentioned before, this SOI was chosen because the dual fuel LTC
experiments showed a significant reduction in NOx emissions at advanced SOIs. The
diesel and natural gas fueling rates corresponding to 300 CAD SOI are 3.3 g/min and
81.02 g/min, respectively. The engine speed is held constant at 1700 rev/min for all the
results presented in this section.
5.1

Diesel SOI Effects
The effects of diesel SOI are studied by changing the SOI from 300 CAD to 325

CAD in steps of 5 CAD. The values of Tin and Pin are kept constant at 75°C and 1.81 bar,
respectively.
Figure 5.1 shows the effect of diesel SOI on the cumulative entropy generated in
each zone. It is evident from this figure that most of the entropy generation occurs in the
flame zone (~57-66 percent) and the burned zone (~31-39 percent) while the unburned
zone has almost no effect on the total entropy generated in the chamber. Also, the
irreversibilities within the packets are significantly lower compared to the flame and
burned zones and also remain nearly constant for different SOIs. With SOI advancement
from 325 CAD to 300 CAD, the total entropy generated within the cylinder increases
smoothly, as evident from the LAIMEP trend in Figure 5.3. This is important to keep in
mind while comparing entropy generation trends at different SOIs because it is possible
that the amount of entropy generated in a zone can be higher for a certain SOI even
though its percentage contribution to the total entropy generated may be lower.
Under these conditions, for dual fuel LTC, around 2 percent of the total heat
release is due to combustion of the diesel fuel. On the other hand, the irreversibilities
inside the packets account for about 4 percent of the total entropy generated inside the
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cylinder. Moreover, for all SOIs, since all of the diesel fuel is ignited inside the packets,
the irreversibilities remain almost invariant (3.6 to 4.8 percent) with changing SOI. The
slightly higher percentage of irreversibilities (~4 percent) in packets compared to heat
release (~2 percent) may be attributed to combustion of the natural gas that is also
entrained in the packets. The maximum percentage contribution from the flame zone
toward entropy generation occurs at 325 CAD SOI. As SOI is advanced from 325 CAD,
flame zone irreversibilities decrease up to 310 CAD and increase for more advanced
SOIs. Although the total entropy generated at advanced SOIs (from 300 to 315 CAD) is
higher (cf. LAIMEP trend shown in Figure 5.3), the zone-wise percentage distributions
did not change significantly. As mentioned before, cumulative entropy generated in the
flame zone is mainly influenced by the amount of burned natural gas and the maximum
flame temperature (shown later in Figure 5.5).
Considering the trends for the burned mass fraction (Yb) at EVO (shown in Figure
5.3), it is clear that the burned mass fraction increases as SOI is retarded from 300 CAD,
with the maximum occurring at 325 CAD. Figure 5.2 shows the instantaneous flame
zone temperature inside the cylinder at different SOIs. Since the maximum flame
temperature reaches a minimum value at 300 CAD SOI, the entropy generated increases
at advanced SOIs, despite the fact that the burned mass fraction is lower for the advanced
SOIs.

53

Figure 5.1

Zonewise cumulative entropy generation accounting at different SOIs

It is evident from Figure 5.1 that the second most significant contribution toward
cumulative entropy generated arises from the burned zone. With advancing SOI, the
contribution from the burned zone increases (~ 31-39 percent), especially between 325
CAD and 320 CAD SOIs. The lower contribution from the burned zone at 325 CAD SOI
may be explained based on the fact that the amount of mass transferred from the flame
zone to the burned zone at EOC was the lowest for that SOI.
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Figure 5.2

Crank resolved flame temperature at different SOIs

The trends for predicted gross IMEP for the closed cycle, LAIMEP and burned
mass fraction (Yb) at EVO are shown in Figure 5.3, while Figure 5.4 shows the effect of
diesel SOI on iFCE, FCI, and ignition delay (ID). From Figures 5.3 and 5.4, it is evident
that by advancing SOI from 325 CAD to 300 CAD, both IMEP and iFCE show slightly
varying trends; specifically both IMEP and iFCE decrease from 325 to 320 CAD SOI but
stay nearly invariant (IMEP) or increase slightly (iFCE) for more SOI advancement. On
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the other hand, with advancing SOI, LAIMEP shows a smooth increase. from 650 to 725
kPa. and FCI also increases from 33 to 37 percent.

Figure 5.3

Predicted IMEP, LAIMEP, Yb @ EVO at different SOIs

These IMEP and iFCE trends can be explained using the trends observed for
combustion phasing (as determined by the crank angle at which 50 percent of cumulative
heat release (CA50) occurs), ignition delay, and burned mass fraction inside the cylinder.
For dual fuel LTC, the optimal combustion phasing occurs around 365 CAD [74]. Figure
5.5 shows that the CA50 at SOI of 300 CAD occurs far from the optimum CA50; the
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more delayed CA50, coupled with the lower Yb, translates to lower IMEP. Since the
maximum natural gas fueling rate used in the experiments was for 300 CAD SOI, is the
lower IMEP also results in reduction of iFCE for 300 CAD SOI. On the other hand, for
305 CAD SOI, the CA50 occurs near the optimum CA50 location, and consequently, the
IMEP and iFCE reach maximum values. When SOI is retarded, even though natural gas
fueling rate is reduced and Yb increases slightly, the CA50 occurs farther from the
optimum location, leading to lower IMEP and iFCE. However, at the most retarded SOI
of 325 CAD, the CA50 again occurs close to the optimum location, resulting in higher
IMEP and iFCE. From the ignition delay trends at different SOIs, it is evident that while
SOC occurs around 345 CAD for all the SOIs (except for 300 CAD SOI where SOC is
around 350 CAD); however the CA50 varies significantly with SOI. The IMEP and
iFCE trends observed in Figures 5.3 and 5.4 are primarily affected by the ID and CA50
trends at different SOIs.
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Figure 5.4

Trends for iFCE, FCI, and ignition delay at different SOIs

From Figures 5.3 and 5.4, it is clear that SOI advancement leads to an increase in
thermodynamic irreversibilities. As evident from the zonewise cumulative entropy
generation distribution, these trends can be explained by combining the trends in natural
gas fueling rate, Yb at EVO, and maximum flame temperature. With retarding SOI, while
the IMEP increased for some conditions (e.g., IMEP = 935 kPa at SOI = 325 CAD), this
is also accompanied by lower LAIMEP (e.g., 650 kPa at SOI = 325 CAD). Also, among
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different SOIs, the highest iFCE (~48 percent) and lowest FCI (~34 percent) are obtained
at the SOI of 325 CAD.

Figure 5.5

5.2

CA50 and maximum flame temperature at different SOIs

Intake Temperature Effects
In this section, the effects of intake manifold temperature (Tin) on zonewise

entropy generation distribution, LAIMEP, and FCI are quantified at a constant SOI of
300 CAD. While Tin is increased from 75°C to 115°C, the fuel chemical energy input is
held constant at the value corresponding to the baseline (i.e., 300 CAD SOI and Tin =
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75°C). Based on experimental results, increasing Tin beyond 115 °C leads to the
occurrence of knock in diesel-methane dual fuel LTC [74]. Therefore, 115°C is chosen
as the upper limit for the Tin sweep in the present study. Figure 5.6 shows the distribution
of cumulative entropy generated within each zone for different Tin.

Figure 5.6

Zonewise cumulative entropy generation accounting at different Tin

These trends indicate that, with increasing Tin, the percentage of entropy
generated inside the flame zone decreases monotonically from ~58 percent to ~53
percent; on the other hand, the contribution from the burned zone increases from ~37
percent to ~41 percent at the highest Tin. Also, the contribution from the packets is
almost invariant (~5 percent) while the unburned zone’s contribution is again negligible.
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As mentioned earlier, since the main reason for the entropy generation inside the flame
zone is natural gas combustion, when the amount of burned natural gas is almost the
same (i.e., Yb is nearly invariant), the entropy generation is inversely proportional to the
maximum flame temperature. To better characterize the behavior of the flame zone,
Figure 5.7 presents the instantaneous flame zone temperature inside the cylinder at
different Tin. These results indicate that, with increasing Tin, there is a clear advancement
in the SOC and a steady increase in peak flame zone temperature. The peak flame zone
temperature trends (also captured in Figure 5.10) support the observation that the
decrease in entropy generation with increasing Tin is primarily due to higher flame zone
temperatures.
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Figure 5.7

Crank resolved flame temperature at different Tin

As shown in Figure 5.8, with increasing Tin from 75°C to 115°C, the burned mass
fraction is almost invariant; however, from Figure 5.7, it is clear that the maximum flame
temperature increased monotonically with increasing Tin, resulting in more complete
combustion in the flame zone and a smooth reduction in the associated entropy
generation. Therefore, the LAIMEP decreased monotonically with increasing Tin.
However, the contribution from the burned zone increased with increasing Tin. This may
be attributed to the higher amount of mass transferred from the flame zone to the burned
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zone toward the end of combustion for higher Tin, which increased the entropy
transferred to the burned zone.

Figure 5.8

Predicted IMEP, LAIMEP, Yb @ EVO at different Tin

Figure 5.8 shows the IMEP and LAIMEP trends at different Tin. With increasing
Tin from 75°C to 115°C, the IMEP decreased from 918 kPa to 814 kPa and the LAIMEP
decreased from 725 kPa to 645 kPa. Similarly, Figure 5.9 shows the corresponding
trends for iFCE and FCI. With increasing Tin, the iFCE decreased from ~47 percent to
~41 percent and the FCI decreased from ~37 percent to ~33 percent. The reduction in
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IMEP may be explained by taking into account the CA50 trends. It was mentioned
earlier that the CA50 occurred after compression TDC for different SOIs; however, the
CA50 trends are different when Tin is varied.

Figure 5.9

Trends for iFCE, FCI and ignition delay at different Tin

Figure 5.10 shows the CA50 trends at different Tin. It is evident from these
trends that, with increasing Tin, the location of CA50 advances from early in the
expansion stroke to near the end of the compression stroke, occurring as early as 356
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CAD for Tin = 115°C. Consequently, due to the additional work performed by the piston
in compressing the hot combustion products until TDC, the gross IMEP decreased when
Tin is increased from 75°C to 115°C. Since the IMEP decreased with increasing Tin and
the fuel chemical energy input is held constant for the Tin sweep, the iFCE also
decreased. Furthermore, the entropy generation also decreased with increasing Tin due to
higher maximum flame temperatures and the associated reduction of combustiongenerated entropy, which results in lower LAIMEP and FCI. A closer investigation of
the IMEP, LAIMEP, iFCE, and FCI trends shows that, for some conditions, it may not be
possible to simultaneously achieve maximum IMEP (and iFCE for given fueling rates)
and minimum LAIMEP and FCI, which are the desired operating conditions for an
engine. The intake temperature parametric study showed that the maximum values of
IMEP and iFCE are achieved at Tin of 75°C; however, the maximum LAIMEP and FCI
values are also obtained at the same Tin of 75°C. These results indicate that second lawbased parameters such as LAIMEP and FCI should be not be considered in isolation but
should rather be examined along with other engine parameters such as iFCE and IMEP.
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Figure 5.10

5.3

CA50 and maximum flame temperature at different Tin

Intake Boost Pressure Effects
The effects of intake boost pressure (Pin) on entropy generation, LAIMEP, FCI,

etc., are presented in this section. For this study, the SOI is fixed at 300 CAD and the
corresponding fuel chemical energy input is also kept constant at the baseline value (i.e.,
corresponding to Pin = 1.81 bar). Figure 5.11 shows the cumulative entropy generation
trends in each zone when the boost pressure is increased from 1.4 bar to 2.4 bar. Similar
to the previous parametric studies, the flame zone accounts for the highest portion of
overall entropy generated (~52-61 percent), followed by the burned zone (35-44 percent).
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Again, the contribution from the packets remains small and nearly invariant (~4 percent)
while the unburned zone’s contribution is negligible.
To better characterize the behavior of the flame zone, Figure 5.12 shows the
instantaneous flame zone temperature inside the cylinder at different Pin. These results
indicate that, with increasing Pin, there is a clear advancement in the SOC and a steady
decrease in peak flame zone temperature. To understand the distribution of cumulative
entropy generated in the flame zone and the burned zone at different Pin, the LAIMEP
trends shown in Figure 5.13 should be considered. With increasing Pin, the total
cumulative entropy generated within the cylinder (and consequently, the LAIMEP)
decreases until Pin = 1.8 bar but increases for higher Pin. As discussed earlier, the burned
mass fraction at EVO and the maximum flame temperature affect the amount of
cumulative entropy generated in the flame zone.
With increasing Pin, Figure 5.13 shows that Yb increases smoothly, especially for
lower Pin. On the other hand, Figure 5.15 shows that the maximum flame temperature
decreases monotonically with increasing Pin. At higher Pin, there are more combustion
products (due to higher Yb) as well as lower flame temperatures, resulting in higher
cumulative entropy generated inside the flame zone; the converse is true at lower Pin.
The primary reason for irreversibilities inside the burned zone is the transfer of burned
combustion products from the flame zone, which becomes especially significant toward
the end of combustion. With increasing Pin from 1.4 bar to 2.4 bar, the mass transferred
from the flame zone to the burned zone decreases, leading to a reduction in the
cumulative entropy generated inside the burned zone. This also leads to a smaller
contribution from the burned zone to the total cumulative entropy generated in the
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cylinder. The opposite trends observed for entropy generated in the flame zone and the
burned zone combine to result in the minimum total entropy generation (or LAIMEP) for
the Pin of 1.8 bar.

Figure 5.11

Zonewise cumulative entropy generation accounting for different Pin

The predicted IMEP, LAIMEP, iFCE, and FCI at different Pin are shown in
Figures 5.13 and 5.14. With increasing Pin, both IMEP and iFCE increase significantly
and reach their maximum values at Pin = 2.4 bar (IMEP = 948 kPa and iFCE = 48
percent). On the other hand, both LAIMEP and FCI trends show similarities in that they
decrease up to 1.8 bar and then increase with increasing Pin, reaching their maximum
values of ~758 kPa and ~39 percent, respectively.
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Figure 5.12

Crank resolved flame temperature at different Pin

To help explain the IMEP and iFCE trends, Figure 5.14 shows the ignition delay
and Figure 5.15 shows the CA50 trends versus Pin. It is evident that increasing Pin results
in faster combustion and shorter ignition delays. It is also noteworthy that the predicted
trend of decreasing ignition delay with increasing Pin is consistent with recent
experimental results for diesel-methane dual fuel LTC in a different single-cylinder
research engine [87]. The SOC occurs very late (~360 CAD) for Pin = 1.4 bar, which
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results in delayed CA50. With increasing Pin, the ignition delay decreases and the SOC
occurs earlier.

Figure 5.13

Predicted IMEP, LAIMEP, Yb @EVO for different Pin

It is evident that the combustion phasing (CA50) for lower Pin occurs far from the
optimum location (with respect to iFCE). Increasing Pin advances the combustion
process (i.e., CA50 occurs closer to TDC), thus increasing both IMEP and iFCE.
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Increasing Pin also leads to more complete combustion, resulting in slightly higher Yb,
and higher IMEP and iFCE.

Figure 5.14

Trends for iFCE, FCI, and ignition delay for different Pin

Considering the results of first law parameters (IMEP and iFCE) and second law
parameters (LAIMEP and FCI), the “optimal” boost pressure appears to be 2 bar. At this
boost pressure, the IMEP and iFCE are ~933 kPa and ~47 percent, respectively. On the
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other hand, the LAIMEP and the FCI are still near their minimum values around 733 kPa
and 37 percent, respectively.

Figure 5.15

CA50 and maximum flame temperature for different Pin
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Before starting to summarize the current research effort, it is worth to mention
that a summary of the current study can be found in Ref. [88].
Building on a previously validated, multi-zone phenomenological simulation
framework, a second law analysis was performed to investigate thermodynamic
irreversibilities in partially premixed, diesel-ignited natural gas dual fuel low temperature
combustion (LTC). The multi zone simulation included an unburned zone that consisted
of unburned natural gas-air mixture, pilot fuel zones (or packets) that modeled partially
premixed diesel spray combustion along with some entrained natural gas, a flame zone
that modeled premixed turbulent flame propagation through the unburned natural gas-air
mixture, and a burned zone that contains post-combustion products. The instantaneous
rate of entropy generation in each zone was obtained by applying the second law and then
integrated to find the cumulative entropy generated in each zone as well as to quantify the
overall irreversibilities throughout the entire cylinder over the closed engine cycle.
Subsequently, the lost available work (Wlost) was calculated (Wlost = T0 Sgen) and the lost
available indicated mean effective pressure (LAIMEP) was defined as a new engine-size
normalized measure of thermodynamic irreversibilities (in a manner analogous to the
well-accepted definition of IMEP in the engine literature) by dividing Wlost by the engine
displaced volume. In addition, the fuel conversion irreversibility (FCI) was calculated as
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the ratio of the Wlost to the total fuel chemical energy input. Finally, for investigating the
thermodynamic irreversibilities in different zones as well as for characterizing the effect
of various parameters (diesel SOI, intake temperature (Tin), and intake boost pressure
(Pin)) on second law-based engine parameters, parametric studies were completed. The
primary conclusions obtained in the present work are summarized below.
•

The zonewise entropy generation rates showed that the main factors

contributing to thermodynamic irreversibilities in packets are the energy released due to
diesel and entrained natural gas combustion, and the energy consumed during the diesel
vaporization process. In the flame zone, the main source of irreversibilities is the
combustion of natural gas due to premixed turbulent flame propagation (and the
maximum flame temperature (Tf,max). The mass transfer of post-combustion products
from the flame zone to the burned zone is the primary cause of entropy generation in the
burned zone. The flame zone and the burned zone provide the most significant
contributions to the overall entropy generated in dual fuel LTC (i.e., 52-61 percent in the
flame zone and 31-39 percent in the burned zone) while packets account for less than 6
percent of the total irreversibilities and the contribution from the unburned zone is
negligible.
•

Parametric studies performed with a fixed fuel chemical energy input

showed similar trends for IMEP and iFCE (as expected). These sweeps generally yielded
similar LAIMEP and FCI results to illustrate the relative influence of fuel chemical
energy input on the second-law-based performance parameters with respect to change of
intake temperature, intake boost pressure or start of injection. With advancing SOI from
325 CAD to 300 CAD, LAIMEP increased from 650 to 725 kPa and FCI from 33 to 37
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percent. On the other hand, with increasing Tin from 75°C to 115°C, LAIMEP decreased
from 725 kPa to 645 kPa and FCI decreased from 37 to 33 percent. Also, with increasing
Pin from 1.4 bar to 2.4 bar, LAIMEP and FCI had maximum values of 768 kPa and 39
percent, respectively at Pin = 1.4 bar, attained minimum values at Pin = 1.8 bar, and
increased for higher Pin.
•

A reasonable engine operating condition with regard to the first law and

second law parameters for which output work (or power) is maximum and closed-cycle
entropy generation (irreversibilities) are minimum occurs at the SOI of 325 CAD and Pin
= 2 bar. However, when engine-out exhaust emissions (especially NOx) are the primary
consideration, the early SOI of 300 CAD might be more preferable.
•

While the present work focused on diesel-natural gas dual fuel LTC (as an

example), the overall methodology adopted for the present analysis as well as the
conceptual definitions of LAIMEP, FCI, etc., are generally applicable to any IC engine.
In particular, since the LAIMEP is a size-normalized second-law-based performance
parameter, it is especially useful to compare thermodynamic irreversibilities between
engines of various sizes (displaced volumes). In addition, the LAIMEP may also be used
to compare thermodynamic irreversibilities between different engine combustion
strategies (e.g., SI, CI, LTC, etc.) on the same engine.
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